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This  rc>port  ;i<l(i  re.sses  the  quest  ion  of  wheflu'r  nonline.-if  i)r('('oss  i up  schemes 
optimized  on  ftie  linsis  of  nmliient  ext  rente  1 v- 1 ow- f reqiienrv  (FI.F)  .it  n'o.spherir  noise 
d.'it.i  will  pive  ne;ir-opt  imuin  process  i np,  p.iiti  in  nuc  le.ir/l’FA  tut  v i rt'nmen  I . An.ilvtic 
expressions  are  derived  for  noise-pulse  w.ive forms , amplitude  prohahilitv  dislrihu- 
tions  (Al’Ds)  , and  proces.sinn  p.aiti  .'is  a tunctlon  of  clip  lev'els.  Mumeric.il  results 
.'ire  piven  for  each  of  these  qu.tntities  under  ambient  .ind  s[tread-dehr  i s-nuc  1 ear/I’FA 
environments.  flood  apreenent  is  obtained  with  .imbient  FI  F atmospheric  noise  data 
an<l  results  from  much  more  conpllcati'd  numerical  treatments.' 

It  is  shown  that,  di')>eml  inp.  on  certain  di' f i n i t ions , noise-pulsi'  durations 
can  be  three  or  four  times  lonp.er  iti  nuc  1 ear /I’tJA  envi  rotiment  s thati  utider  ambient 
conditions.  This  .'inomalous  spreadinp,  is  due  m.iinlv  t ('  iticrt'ased  -i  t t etiu.it  1 oti  in 
the  e.irth- ionosphere  wavepuide,  which  selectively  removes  the  h ip.lu'st-f  requenev 
Fourier  components  f rotu  the  FI.F  noise  pulse.  'Ihe  iiiaximtim  doprad.it  i on  in  processitiK 
p,.iin  caused  by  anOm.ilous  pulse  spre.irllnp,  is  foiitid  to  b('  tio  p.reater  than  1 or  2 dll 
. >■)(  nnir.r.  j uhu’i'  i r:  <h'.ntur!od  I’rn'i rorj'h'nt n thovi'forr  icro  onf  poor  a 

r'li,' f r'< 'i  ^ rn  nt'nl'’ r.(  nr  tun'rr  ruorrmr  iofi  in  FI  F nomuninn*i  i'r  runfrrir.. 

*^Ihe  I on('S(ther  i c d i st  urh.itices  considered  s i p,n  i f ic.int  1 v itiert'.ise  the  r.itio  of 
the  c-neip.v  c.irried  in  noise  spikes  to  the  enerp.y  of  the  b.'lckp.routid  (laussl.iti  noise. 

'!  h I s ch.'inp.i"  in  rat  lo,  which  alters  the  API's  coiisiderabl  v,  occurs  bec.iuse  tl.aussian 
noise  propagates  over  lonutr  distances  than  noise  spikes,  .and  therefore  tends  to  be 

suppressed  relative*  to  the  spikes  by  Increased  attenuation.  On  the  other  hand,  

(continued  tiext  jiape) 
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total  RMS  noise,  to  witirli  noise  spikj's  mnke  the  ri.ijor  rontrihiit  ion,  inav 
well  be  affected  only  sliplitly  liy  environmental  changes.  ('f)nseqnent  1 y , 
to  acliieve  maximum  processinj;  pain,  clip  levels  should  he  set  according 
to  the  ratio  of  noise-siiike  energy  to  Caiissian  background  em'rgv. 
because  this  ratio  can  change  drast  ic.al  ly,  an  adaptive  procedure  is 
called  for.  ^'al oulatioro  rJtfT'  tjiat  the  experimetital  t'ANChlUF  noier- 
niq  yrenciov  civaiiit,  itihrcU  eelf-a.-laptn  to  olip  r.orne  rpeeifi ed  j'raetion-- 
tijpicallu  20  to  00  pevaent — of  ihe  time  giver,  nearlu  optimum  pvoeers- 
inj  gain  for'  a wide  vco'iety  of  aml'ient  and  nualear/TCA  envinonmenta . 
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This  roi’ort  fjvt's  rosults  of  onr  phaso  of  1‘;km  f i''-Sifrri study 
of  lonj;-wnve  atmospherlr  ni’ls(’  fn  forlaln  nuclear  en\' i ronnieut  s . It 
addresses  the  (piestloii  of  whether  nonlinear  proce.ssinp  sehmies  optimized 
on  tlie  basis  of  ambient  ext  reinely-low-f  requeticy  Ol.K)  noise  data  will 
Hive  near-optimum  proeesslnn  rain  in  nuclear  environments.  Anotlier 
aspect  of  the  study,  nt't  reported  liere,  is  concerned  witli  veiv-low- 


frequcncy  noise  processinp. 


SU>LMARY 


This  report  nddresses  the  question  of  wliether  nonlinear  processing 
schemes  optimized  on  tlie  basis  of  ambient  ex  t reme  I y- I ov-f  r eqnency  (KM') 
atmospheric  noise  data  will  pive  near-optimum  processinp,  pain  in  nuclear/ 
rCA  environments.  Analytic  expressions  are  derived  for  noise-pulse 
waveforms,  amplitude  probabiiity  distributions  (AI’Ds),  and  processinp 
gain  as  a function  of  clip  levels.  Numerical  results  are  given  for 
each  of  these  quantities  under  amluent  and  spread-dcbris-nuclear/l’CA 
environments.  Good  agreement  is  obtained  witli  ambient  KKK  atmospheric 
noise  data  and  results  from  much  more  complicated  numerical  treatments. 

It  is  shown  that,  depending  on  certain  definitions,  noise-pulse 
dur.ations  can  be  three  or  four  times  longer  in  nuclear/PCA  environments 
than  under  ambient  conditions.  This  anomalous  spreading  is  due  mainly 
to  increased  attenuation  in  tlie  eartl\- ionosphere  waveguide,  which 
selectively  removes  tlie  highes t-f requency  Fourier  components  from  tlie 
FLF  noise  pulse.  The  maximum  degradation  in  processinp  p.iin  caused  by 
anomalous  pulse  spreading  is  found  to  bo  no  greater  than  1 or  2 dB. 
I'rnearln'j  of  puliu't;  in  li.istin'l'f’d  <mvi i\mru;ntr,  thorn fevr  d<u'r  not 

pocf!  a rnajor  prolden  to  nonlioiear  noir.e  auppro.sn ion  in  FLF  eof’7nwiioaticn 
cyatcnc. 

The  ionospheric  disturbances  considered  significantly  increase 
the  ratio  of  the  energy  carried  in  noise  spikes  to  the  energy  of  the 
background  Gaussian  noise.  This  change  in  ratio,  which  alters  the  AI’Ds 
considerably,  occurs  because  Gaussian  noise  propagates  over  longer 
distances  than  noise  spikes,  and  therefore  tends  to  be  suppressed 
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relative  to  tiie  spikes  by  Increastd  at  teiuiat  ion.  On  tiie  other  li.-in<i, 
total  RMS  noise,  to  wliicli  noise  spikes  make  the  major  contribution, 
may  well  be  affected  only  sli^htlv  by  envr ionmenl a 1 clninpes.  Conse- 
quently, to  achieve  maximnm  processing.  Rain,  clip  levels  should  be 
set  according  to  the  ratio  of  noise-spike  energy  to  Caussian  background 
energy.  Because  this  ratio  can  change  drastically,  an  adaptive 


procedure  is  called  for.  Cal •'•ulatirrc  chow  t'>uii  thr  t’.rj  rr'.r'.-ntai  oAiiCINK 
noisc-auppi’crnioK  civauit,  u'hi ah  na! J'-adnpta  to  alip  r.ar^r . apra’d''- 1- d 
j'raaticK--typiaall'j  20  to  60  pevaeni--nf‘  tha  time  yiV’ r,  Ke.ev'p  optimum 
preoeasing  gain  for  a wide  variety  of  anld-cnt  and  nualnav/rCA  f^LVivuvneyita. 
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1 N 1 KUuL'C  1 LO’l 


KxL  romel  y- 1 ow-l  rof|iiiMir  V (KIF)  .i  Iru'spiu’ f i r noise  l•('nsi<;ls  i>f  l.trpc 
pulses  super  irsposo!  <in  tnore  lionoeeneous  I'.'U'I  c.rou  nil . I lics<>  |■■lls<•s  nre 
ihie  to  nearby  lij;hLninp,  1 lashes,  '•■'.hm  eas  t lie  b.iekprouiv' , which  is  nearlv 
(raussiau,  consists  ot  many  unresolved  pulses  f i ori  distant  thunderstorm 
.activity.  Keeause  most  of  the  noise  ener^ty  is  typically  cent  lined  in 
the  noise  spikes,  which  are  present  only  .a  r.ma  1 1 fraction  of  the  time, 
nonlinear  circuit  elements  can  he  used  to  suppress  most  of  the  noise 
while  only  sliphtly  depradinp  t iie  sip.nal.  One  such  sclu'i.ie  tliat  has 
proven  successlnl  is  the  use  ol  a clipper,  with  the  clippinp,  level  Set 
just  above  the  b.ickp.round  noise  pods  hut  well  h.  lov;  t'le  nsd-s  of  the 
large  impulses  , h<' •'‘'ith.- , 'i97-i). 

A widespi  ead  ionospheric  disturbance,  such  as  warn  I d he  causcvl  by 
high-altitude  nuclear  di'tonat  ions  or  a pol;ir-cap  ahsiirption  (I'CA)  event, 
can  significantly  change  the  manner  in  v/hicii  hhi'  waves  travel  in  the 
earth- ionosphere  waveguide.  iypically,  attenuation  is  inere.ised 
relative  to  ambient  conditiors,  whereas  phase  velocity  is  reduced. 
Moreover,  propagation  becomes  more  dispersive.  Because  P.ld  noise 
propagates  in  the  earth-ionosphere  waveguide  in  mucli  the  s.-urc  manner 
as  a comimmication  signal,  tliose  jiropagation  clianges  ran  alter  noise 
cliarac  ter  1st  1 es  . Accordingly,  this  report  addresses  llie  question  of 
wlietlier  nonilneat  processing  scliemes  optimized  on  tlie  basis  of  anlileni 
LLF  noise  data  will  give  tlie  maximnni  processing  gain  tmder  tlislurbed 
conditions.  Kmpliasis  is  on  tlie  statistical  description  and  processing 
of  ELK  atmosplierlc  noise,  rntlier  tlian  on  calculation  of  propagation 


anomalies  in  dist\irbed  (uivl  ronment  s (wlilcli  itas  ri'celved  .tdeun.Uf' 


attention  in  t lie  past).  I'hns,  an  i ■!••.(  1 1 ztsl  siiead-dol’r  i s/PCA  nndci  is 
used  to  describe  t lie  ioiu>‘;phci  i r (’ i I n rbance  , Vvliciu  e pr»vionsly  publisbed 
results  can  be  used  lor  the  pri'pap.a  t i on  parameters. 

An  ionosplieric  d i stnrl’iiv'e  can  aflect  atnosplierit  tuiise  eli.iracter- 
istics  in  several  vays.  lirst,  tlie  .inonia  1 ons  attennatien  tends  lo 
reduce  the  KM.S  noise.  Second,  .and  even  more  inportant,  this  .at  i emi.at  ion 
alters  the  ratio  of  impulse  noise  to  Gaussian  noise,  since  tliese  two 
components  traverse  patlis  of  different  lengtlis  in  propapal  f nr,  from  the 
source  liglitning  strokes  to  the  receiver.  This  clianpe  in  ratici  sig- 
nificantly affects  tiie  noise  amplitude  ]irobabillty  distribution  (AIM)). 
Finally,  the  anomalous  dispersion  associated  v;itii  spread-debr  i s/FCA 
environments  can,  in  principle,  cause  noise-pulse  durations  to  be 
longer  tiian  for  ambient  conditions. 

Section  II  contains  the  mathematical  development  necessarv  to 
analyze  the  effects  of  nuclear/PCA  environments.  Previously  puhlisiied, 
relevant  propagation  calculations  are  reviewed,  and  mathen.it  ica  1 ly 
tractable  rel.itions  are  derived  for  noise-pulse  waveform,  IMF  noise 
probability  density  function  (PDF)  and  API),  and  processinp  gain 
achievable  with  clippers.  These  relations  are  In  .a  I orii  n ii  t i i ul  ar  Iv 
convenient  for  assessing  the  efiects  of  environmental  changes.  Section 
III  gives  numerical  results  for  pulse  waveforms,  APDs,  .-uid  processing 
gain  under  ambient  and  fiistiirbed  conditions.  Section  IV  briefly 
discusses  the  possibility  of  increa.ses  in  thunderstorm  .activity  in 
the  post-detonation  environment.  Section  V presents  the  repot t's 


main  conclu.slons . 


II.  srATis'i  I'.Vii.  Di'sciui'i  1 1 1;;  A:.n 
oi-  ATMosi’i ii:rh:  ■■;oisi: 

This  secl.ioii  presents  ilie  ruU  lient.it  ic;i  1 re  I .it  i onsh  i ps  iiscfi  to 
obt.iin  the  results  piven  in  liei  . ill.  First,  soire  results  f ron  previous 
reports  on  lonp,-wave  prop;ip,;it  ion  in  inhient  .ind  (lislnriu'd  env  ireni;ient  s 
are  brieily  summ.ir i zed . Second,  clnsed-forn  expressions  that  describe 
tile  dispersion  of  KLF  noise  pulses  under  ambient  and  disturbed  con- 
ditions are  derived.  TTiird,  relatively  simple  represeii  ti  t i ons  of  the 
probability  density  function  Ci’IJF)  and  amplitude  proiiabillty  distribu- 
tion (APU)  of  ELF  atmospheric  noise  are  obtained.  Finally,  expressions 
are  given  for  the  processing  gain  achievable  with  clippers. 

l.ONG-WAVi:  PKOl 'AGATION 

The  theory  of  propagation  of  F.EF  waves  in  the  earth-ionosphere 
waveguide  has  been  the  subject  of  numerous  papers,  and  is  generally 
well  understood.  For  convenience,  we  summarize  certain  previously 
published  results  used  as  inputs  to  derivations  given  belo'.’.  These 
results  are  taken  mainly  from  the  work  of  Field  although  the 

reader  desiring  more  detail  is  referred  to  other  treatments  as  veil 
(e.g.,  G<xlejt-,  VJ'iT.;  Wait,  IPf'";  hohlpn,  U>G1). 

1 At  ELF,  only  the  quasi-TKM  mode,  which  has  no  cutoff,  can  propag.ite 

in  the  ear th- ionosphere  cavity.  The  effects  of  the  geomagnetic  field 
on  propagation  can  be  neglected  for  the  daytime  and/or  ilistuibed 
ionospheric  conditions  considered  here.  If  the  distance,  r,  from  the 
source  is  greater  than  about  one  megameter,  the  vertical  electric 

field,  E , associcated  with  the  TEH  mode  can  be  written 

’ z 


(1) 


where  oj  is  tlie  fretjurncy  of  t lu>  wave,  A is  tfin  noile  excitation 

factor,  S is  the  sine  of  the  nuule  ciy.enangle,  and  c is  tin;  speed  of 
light.  For  a given  seine  strength,  the  factor  A nay  he  regarded  as 
a constant.  I'qiiation  (1)  applies  only  for  monochroma  t i i;  signals  or  a 
Fourier  component  of  a signal  havini'  finite  bandwidth. 

The  effects  of  the  ionosphere  on  propagation  are  includeil  in  f>, 
which  is  essentially  the  conpUsx  propagation  constant  for  the  earth- 
ionosphere  waveguide,  and  in  A.  Both  S and  ! depend  on  frequency  as 
well  as  on  the  state  of  the  ionosphere.  The  attenuation  rate,  i,  and 
the  relative  phase  velocity,  c/v,  are  given  in  terms  of  S by 


The  effect  of  either  a natural  or  a man-made  (nuclearl  ionospheric 
disturbance  is  to  alter  the  electron--  and  ion-density  height  profiles, 
thereby  changing  the  propagation  characteristics  of  the  earth- ionosphere 
waveguide.  In  the  case  of  a high-altitude  nuclear  burst,  x-rays,  >-rays, 
and  beta  particles  create  ion  pairs  in  the  atmosphere,  a large  fraction 
of  which  are  below  the  altitudes  at  which  F.LF  reflection  usually  occurs. 
In  a polar-cap  absorption  (I’CA)  event,  a similar  effect  is  caused  by 
energetic  protons  impii’glng  upon  the  ionosphere  from  above. 

To  Illustrate  the  effect  that  Ionospheric  disturbances  can  have 
on  noise  statistics  and  processing,  we  consider  an  easily  analyzed 


type  of  micle.ir  onv  i ri'ninciit ; iiipoIv,  one  in  which  tisKion  debris  is 
spread  fairly  uniformly  over  a larp.e  area  at  altitudes  alx've  100  fm 
or  so.  Althoui’h  otlicr  I vru’s  of  environments  could  ceifalnlv  occur 
and  produce  effects  numerically  dillcrent  from  those  j’lven  here,  t lie 
spread-debris  model  serves  our  pui poses. 

A convenient  parameter  to  cliaract er ize  the  spread-debris  environ- 
ment is  the  ionizing  intensity  factor,  T,  defined  as 


where 


V = 


2 1.: 

R t 


(4) 


FY  = total  fission  yield  (megatons), 

R = radius  over  which  debris  Is  spread  (b i lomot ei s) , 
t = time  after  debris  deposition  (seconds). 

Dy  using  methods  discussed  by  Crain  (IPf'-l),  the  quasi-e(]uil  ibr  iun  ioniza- 
tion-balance equations  (e.g.,  yishry  <7nd  Knapi',  can  be  solved  to 

obtain  electron-  and  ion-density  height  profiles  for  various  values  of 
1' . Figure  1 sliows  computed  profiles  for  1 = 10  10  and  10  ^ — a 

reasonable  range  of  values — along  with  nominal  ambient  daytime  profiles. 
To  obtain  mode  propagation  parameters,  these  profiles  must  first  be 
used  in  conjunction  with  electron-  and  ion-collision-frequency  profile.s 
to  obtain  refractive-index  height  profiles.  Then,  various  procedures 
are  available  to  solve  the  well-known  modal  equation  for  S and,  hence, 
attenuation,  phase  velocity,  and  the  excitation  factor.  Mere,  a 
numerical  full-wave  method  that  accounts  for  the  vertical  inhomogeneity 
in  refractive  index  has  been  used  to  obtain  a and  v/c  for  the  ioniza- 


tion height  profiles  shown  In  Fig.  1.  The  method  (essentially  that  of 


Altitude  (km) 


l--Davtino  ionin.ition  lieiqht  profiles  for  anbietU  an. 
disturbed  conditions 


Inuldon)  and  it«  application  aro  dcsc  t i bed  in  detail  by  Field 
Fixtures  2 and  1 show  the  calculated  attenuation  rates  and  phase  velocities 
as  functiins  ot  frequency.  Comparison  between  the  ionication  prollles 
shown  in  Fip.  1 and  .inaloKOUs  I'lies  derived  by  field  ('.*"■,■')  for  I'flA 
events  indicates  a similarity  between  spread-debris  environments  .and 
those  associ.it  ed  with  strong  I’C.As.  It  Is  therefore  not  suri'risiuR  that 
the  values  of  i and  c/v  shown  in  1 ip,s.  2 and  I arc  similar  in  magnitude 
to  those  calculated  by  Field  (!PCP)  for  certain  t’CA  events.  Thus,  to 
a first  approximation,  tlie  result.^  given  below  are  applicable  to  strong 
rCA  as  well  as  spre.ad-debr  i s nuclear  environments. 

Three  main  effects  caused  by  disturbed  envi  ronraeiil  s are  evitient 
from  Figs.  2 and  3.  First,  the  attenuation  rate  is  increased  over  the 
ambient  value  although,  tor  tlie  cases  shown,  tiie  magnitude  of  the 
increase  i.s  surprfsingly  insensitive  to  the  stren(;th  of  the  d i.stnrhanre . 

At  the  currently  interesting  frequency  of  about  50  11?,  u is  calculated 
to  be  about  0.8  dB/Mm  (in  good  agreement  witli  measurements)  under  ambient 
conditions  and  in  the  1.5-  to  2-dB/lim  range  for  the  distuihed  environ- 
ments considered.  Second,  ptiase  velocity  decreases  significantly  under 
disturbed  conditions,  and  is  considerably  (-*20  percent)  less  than  the 
speed  of  light  for  all  cases.  Third,  propagation  i much  more  dls[>er- 
slve  under  disturbed  than  under  ambient  conditions;  i.e.,  u and  c/v 
vary  more  strongly  with  frequency. 

Calculations  not  reported  here  show  that.  In  addition  to  the 
propagation  effects  just  described,  spread-debris  or  PCA  environments 
generally  cause  the  excitation  factor,  A,  to  Increase  .somewhat.  The 
magnitude  of  the  increase  depends  on  various  factors,  Including  the 


Frequency  (Hz) 


Fiq.  2--Conputed  FIT  cl.iytitne  .ittenuation  rate?;  for  ai'>hipnt  and 
disturbed  conditions 
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location  of  the  d i sHirbance  iil.itive  • ' both  soiree  aiic'  rereivr-t.  If 
a disturhance  were  confined  ti'  the  cent  I'r  portion  of  a propap.-it  f ini  path 
and  did  not  extend  to  the  source  and  receiver  repinns,  no  increase  in  A 
would  occur.  However,  an  incieasi'  as  1ar(>e  as  h or  8 u8  rnnld  occur  if 
both  source  ami  receiver  locaMons  were  affected  stronj;Iy.  A poi'd  r/ork 
ing  assumption  is  tliat  an  increase  ol  a few  decibels  in  wilj  occur. 
For  propagation  paths  shorter  than,  say,  2 or  3 Mm,  the  r.aj-.n  i t aide  of 
the  excitation  enhancement  ccpials  or  exceeils  the  degradat  i<>n  in  propaga 
tion,  and  little  change  fperh.ips  a slight  increase)  is  noted  in  t lie 
strength  of  the  signal  received.  For  longer  paths,  projiagation  degrada 
tion  typically  dominates  excitation  cnhancenent , and  a net  signal  loss 
results . 

It  is  convenient  to  use  an  analytic  approximation  to  S in  file 
following  analysis.  One  such  approximation  that  is  simple  and  accurate 
over  the  frequency  band  of  interest  is 

he  S ' 4 (5) 

Im  r,  - a.  , (b) 

where  S^,  and  are  independent  of  frequency  and  tray  be  found  by 

fitting  the  numerical  results.  For  example,  for  P •=  1 0 , “ 1.51, 

Sj  “ 42.7,  and  S.  = 0.2  lit  tiu-  results  of  Figs.  2 and  ' to  within 
about  10  percent  for  frctinencles  bi-lween  a few  Lens  and  a few  bundled 
Hertz.  The  analytic  fits  given  by  Kqs.  (5)  and  (6)  become  invalid  for 
ultra-low  frequencies  (<10  Hz)  and  very  low  frequencie.s  (>1  kHz)  and, 
strictly  speaking,  should  be  used  only  within  the  KLF  band.  In  fact. 


inaccuracies  in  S at  i re(iuenc  i es  ahi'v  a lew  lMindr<>d  Hert;:  di'  iiuL 
greatly  affect  tlie  precision  of  the  i .1 1 culat  ions  since  wavi-s  at  tliose 
frequencies  are  liiglijy  a t ! eniia  t ed  and  cont  r i hii  t e relatively  little  to 
the  tut.il  lield.  Moreover,  SAl.’MClNr,  receiver  tillers  will  pn'hably 
hav’e  an  upper  cutoff  of  no  i\ipher  tiian  a few  hundred  I'ert?,  j_’/ ’ 'la, 

.','>7.').  The  practical  lim't  is  thus  the  lower  one  (about  10  ll~)  in  the 
frequency  domain  or,  for  pulst!  prt'pap.at  ion  cal  cul  at  i out:  in  the  tine  di'naiu, 
the  approximation  becomes  invalid  fdr  tines  greater  than  50  to  1 f'O  msec. 


UlSlT.RSiON  QF  hLF  I’t’l.SKS 

In  general,  the  response  of  the  ear th- ionosphere  waveguide  to  .1 
time-varying  source  must  be  computed  numerically.  However,  by  tjsing 
the  equations  and  approximations  given  above,  a simple  analytic  expression 
can  be  derived  that  describes  pulse . spread ing  with  sufficient  aciuiiacy 
for  our  purposes.  We  beg,.in  by'  not  1 iig  tliat , in  tlie  time  domain,  the 
electric  field  at  a dist.mce  1 from  a vertically  polarised  source  having 
arbitrary  time  dependence  is  given  by 


di<jg(w)T((i),  r) 


i(Dt 

e 


(7) 


where  g(io)  Is  the  frequency  spectrum  of  the  source  and  i'(w,r)  is  the 
transfer  function  of  the  ear  th- ionosphere  waveguide.  Since  h(t,r') 
mii.st  be  real,  hq . (7)  can  be  rewritten  in  tlie  following,  more  convenient, 
form: 


/ 

0 


E(t,r)  = I duj  [g(u))T(io)  e*''^*’  + g*(w)T*(u))  e 


(8) 


It  is  assumed  that  the  source  is  an  Impulse,  whence  g(w)  ” constant, 


This  approximation  works  well  for  hl.F  and  ranges  greater  tlian  several 


1 o 


hundred  ki  Icm*' l.  ors  , where  I'llyu  dm.tr  ion  exoeo  !s  soiirco  duration. 

Results  given  1-elow  agree  well  wi'li  the  rcsulls  of  more  detailed 
numerical  treatments.  Moreover,  from  I'q.  (1),  the  transfer  function 
is  given  by 

, I 

■3/2  1/2  1/2  ‘'n  ~ ‘ 

1 (u , r ) = AS  Ati  JO  (■  _ (9) 

It  is  now  convenient  to  approximate  tiie  tliree-term  proriuet  AS'^^A  that  ' 
appears  as  a multiplicative  faitor  in  hcj.  (9).  Spec  i f ical  1 y , ue  use  tlie 
fact  tiiat 


I I " i / 4 

AA  IaaI  e , (10) 

where  |aA|  can  be  assumed  independent  of  u and  S ' S . liote  that  the 
latter  approximation  is  used  only  in  tlie  multiplicative  factor,  but  not 
In  the  oxnorient,  where  ' l-c  ept  ii«'  oif.Rt;  ions  civon  1 v 'Vis.  (O'  <ind  ('>) 
are  retained.  Tims,  for  an  impulse  source,  Eq . (8)  becomes 


E(t,r) 

where  Eqs. 
given  by 


2 AA.  S 
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, 1/2  " C 

du)  m e 


' cos(j  - 7 "l  ^ 


(5)  and  (6)  have  been  used  and  the  retarded  time,  r. 


(11) 

is 


The  validity  of  tin?  approximation  E-S^  is  clear  from  Eqs.  (’5)  aiul 
(6).  The  approximation  given  in  Eq.  (10)  stems  from  a numerical  solution, 
but  can  be  ser?n  from  an  idealized  treatment  where  the  earth  and  lom'sphere 
are  modeled  as  sharply  bonnde'l  layor.s  separated  by  a dist.ince  h.  In  this 
case,  It  can  be  shown  analytically  {Wait,  IPCT,  p.  292)  that 


the  source. 


AA 


(jQjt 

»^2jic 


IdU  Tl/4 
-h-" 


where  Id?  Is  the  electric  dipole  moment  of 


IS 


t - 


This  approxim;it ion  aLlovs  the  intepratinn  to  be  evalnaied  analytically 
(•■■?’ .7’ p.  14).  After  :;or.e  rearranper-ent , the  expression  for 
the  pulse  waveform  nay  bi  written 


t;(t,r) 


Vi 


VI 


IaaI 
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cob(4  Arctan  P-~— 1 - — - \ - sinl-^f  Arrtan  P r l - 


,,\l/4 


fl2) 


Since  we  are  eoncerned  only  with  the  time  dependence  of  r.(t,r)  and 

numerical  results  are  given  in  normalized  form,  the  magnitudes  of 

the  factors  outside  the  square  brackets  in  F.q . (12)  are  not  of  concern. 

liquation  (12)  indicates  that  the  pulse  width  depends  mainly  on  S^,  , 
i.e.,  on  the  severity  of  attenuation  in  the  ear th- i onesphere  waveguide. 
Specifically,  since  the  denominatoi  of  ilq.  (12)  begins  to  increase 
strongly  when  t ^ rS^/c,  pulse  width  is  more  or  less  proportional  to 
the  propagat  i(m  path  length  and  to  the  slope  (du/doj  “ S^)  ol  the 
attenuation  rate.  This  behavi<ir  is  ;hysiraily  reasonable,  since  the 
broadening  is  mainly  caused  by  tlie  fact  that  propagation  attenuates 
high-frequency  components  more  strong, ly  than  low-f reqneni  y ones.  The 
product  rSj  is  a measure  of  the  degree  to  which  this  selective  attenua- 
tion has  occurred. 

Equation  (12)  describes  tlie  Hl.F  field  from  an  Impulse  source  as 
it  would  appear  to  a receiver  having  an  infinitely  wide  bandwldtli.  It 


is  also  of  Interest  to  examine  the  time  dependence  of  a lightning-induced 


1 


noise  pulse  altet  it  has  passtvl  thriMic.li  a low-pass  filter  with  an  upper 
cutoff  frequency,  f^.  A heuristic  nmlel  adequate  for  our  purpose  assumes 
a receiver  havinp,  a fre'piency  response,  F(w),  riven  by 


r(v) 


-II 


Is.! 


(13) 


Note  that  when  the  wavep.uide  transfer  function,  T((i.',r)  (see  Iq.  (9))  is 
multiplied  by  K(w)  to  obtain  tlie  total  transfer  function,  the  (o-dependence 
is  formally  unrhanped,  provided  that  the  transformation 

rS,  rS. 

— ► B t — - (14) 

c c 

is  made.  This  formal  similarity  is  not  surprising  since  tire  earth- 
ionosphere  waveguide  is  itself  a low-pass  filter  with  a cutoff  frequency 
inversely  proportional  to  the  length  of  the  propagation  patli.  Uhen 
B > rS^/c,  the  pulse  width  is  governed  mainly  by  the  receiver  filter, 
whereas  when  r^^/c  B,  the  earth- ionosphere  waveguide  is  the  dominant 
factor.  numerical  results  are  given  in  terms  of  a cutoff  frequency, 
f^,  at  which  receiver  response  is  6 dB  below  its  value  at  7cro  frequency. 
In  terms  of  this  frequency 


B = 0.11/t 

o 

Finally,  note  that  the  approximations  leading  to  Fq.  (12)  care  non- 
casual, as  Is  the  assumed  receiver  filter  (Eq.  (13)),  whlcii  is  non- 
realizable.  '1  he  main  error  caused  by  tlie  non-realizability  of  the 
approximations  is  the  presence  of  a small  precursor  for  t < 0.  The 
calculated  effect  of  the  environment  on  pulse  width  should  be  suffi- 
ciently accurate  to  assess  the  expected  performance  of  nonlinear  noise 
processors . 


/VU’L  ITb'lJi:  I'KOl'.AH  1 1, 1 i'Y  1)  I S i K I iiU'l  lOb 


To  assess;  tlie  eCfrets  of  innosplierlc  disturbances;  on  tl;e  perforr.ance 
of  noise-proce.ss  i tecbniqiies,  a tractable  expression  for  the  AJ’I)  ot 
low-f  reciucncy  .'.traos'.pher  i c must  be  derived.  In  aridition  to  aci  u- 

rateiy  littinp.  noise  data,  tin’s;  expres;sion  should  explicitly  contain 
the  dependence  of  the  Al’D  on  calculable  propagation  parameters; , c . g . , 
attenuation  rate. 

Observation  ol  wideband  f.LK  noise  reveals  large  pulses  superimposed 
upon  a more  homogeneous  bacb.ground . These  pulses  are  caused  by  local 
thunderstorm  activity,  wb.ereas;  the  background  is  due  to  a large  number 
of  relatively  weak  unresu'lved  pulses  from  more  numerous  distant  lightning 
flashes.  It  follow's  from  the  central  limit  theorem  tlsat  the  low-level 
background  should  closely  resemble  tlaussian  noise.  However,  at  larp.er 
amplitudes,  considerable  departures  from  Gaussian  noise  arc  to  be 
expected.  Figure  4 shov;s  the  probability  (or  percent  of  timel  that  the 
absolute  value  of  the  recorded  noise  exceeds  a given  level  In  KMS  vinits. 
For  comparison,  the  AF’D  ot  pure  (!aus!;ian  noise  is  also  shciwn.  The  small 
squares  represent  data  taken  during  high-level  noise  at  Saipan  I i r • , 

1071).  Tlie  cliange  in  slope  at  around  1 percent  (oi',  equivalently,  rit 
around  -5  dB/KMS)  represents  a change  from  Gaussian  to  non-t-auss i an 
statistics.  'I'hus,  about  99  percent  of  the  time,  the  noise  is  Ga;u;sian 
and  is  due  to  numerous  distant  thunderstorms;  wherea.s  about  1 perreiiL 
of  the  time  It  is  due  m.iinly  to  Infrequent,  hut  strong,  pulse.s  from 
local  activity.  As  is  evidenced  by  the  sharp  increase  in  the  AIM'  at 
large  amplitudes,  the  occurrence  of  intense  noise  is  much  more  likely 
(i.e.,  it  occurs  much  more  often)  than  would  be  predicted  on  tlie  basis 


I 


of  G.iussi.m  stiitistics.  'M  rours*-,  I if,.  4 iipi'Mi's  oiilv  lo  li  i I'.l;- 1 pve  I 
Saipan  noise.  For  different  locations  and  noist?  conditions,  tlie  penci.il 
character  i St  ic--'  of  tlie  AIM'  arc  as  sliovn  in  Fig.  4,  altliongli  nuneric.ii 
magnitudes  c.in  l)e  quite  different. 

The  PDF  of  tlie  Gaussian  copporent  of  tlie  noise  is 


f^(x')  ^ -- 
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-x"/2a' 


(15) 


wliich,  of  course,  has  a variance  of  l•‘'.  For  tlie  non-Gauss  i an . spiFe'. 

o 

component,  the  I’DF  sliould  allow  for  tlie  relatively  frequent  o'-curront  e 
of  large  amplitudes;  l.r.,  tlie  tails  of  tills  IMfF  sliould  fall  off  much 
more  slowly  than  for  a <4aussian  density  function.  Several  choices  are 
possible,  but  the  double-sided  Rayleigh  distribution  defined  by 


I P'i-1 

f (..)  = 
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exp 


- Ul. 
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and  suggested  by  Kodestino  (1971)  is  convenient  for  analysis  and  is 
used.  The  variance  of  this  function  (i.e.,  the  IGIS  noise  of  the  non- 
Gaussian  component)  is  K^I'(1  + , wliere  I'  is  the  gamma  functii'u  and  a 

is  chosen  to  fit  noise  data. 

The  PDF  of  the  total  atmospheric  noise  (i.e.,  the  PDF  of  the  vari- 
able z = x+y)  is  obtained  by  convoluting  the  I unctions  given  by  F.qs. 
(15)  and  (lb).  The  resulting  expression  is 
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which  must  be  evaluated  numerically  unless  a assumes  integer  values. 


which  is  not  the  typical  case.  The  variance,  o , of  f (z)  is  given  by 
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The  Al’U  is  given  hv 


AI’D  = Pi-ob(|zi  z,j,)  = - y* 

z.,. 
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By  perforriitig  the  z- integin  1 1 on , an/j  tlien  integrating  by  parts  witli 
respect  to  y,  it  follows  after  some  rearrangement  that 


I’rob  ( I z I >z,^. ) 
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where  erf  is  the  error  function.  It  is  convenient  to  normalize  the 
results  to  total  RilS  noise.  Accordingly,  subst  i t ut  i tig 


and 


2 


Y 


R"I  (J  + ■?•) 
o a 


fT 

O 


(21) 


) 


into  Eq.  (20),  it  follovis  that 


l’rob(  1 C|  ■ 1 - crt 


. ^ex,r/'-V^  (:/n)‘ 


1'quat.ioii  (2)),  which  if'  t iic  )';i«is  of  I'.'jc  i f 1 c-S  i or  r,i ' ;i  nci^p  mcuio],  iins 
some  very  convenient  features.  First,  it  involves  only  n s i tic  1 e definite 
inteRral  tiiat  is — and  hat;  l)een--e.is  i 1 y proprammed . fit'cnnd,  (he  M'l)  is 
expressed  in  terms  of  only  two  parameters,  a and  y*^i  which  for  anbient 
conditions  can  be  determined  by  comparison  with  data.  Third,  the  effeits 
of  anomalous  attenuation  in  disturbed  environments  are  containe.l  in  v", 
whicli  is  simply  the  ratio  of  R.'iS  noise  from  nearby  I'phtninp  activi's' 
to  tliat  from  remote  activity. 

Figure  4 shows  an  example  ot  how  closely  the  tlieoretiral  Al’l)  fits 
FLF  noise  data.  The  solid  line  depicts  the  Al’D  calculated  I rom  !>j . (.’11 
for  a = 0.23  and  y = 4.  *.  These  valites  were  selected  t.'  provide  a rood 
fit  to  the  data  for  the  location  .and  noise  conditions  i lul  i cat  tsl  . ti  i 
seen  tiiat,  by  properly  selecting  only  two  parameti'i  s , .in  excellent 
representation  of  KLF  noise  statistics  can  bo  obtained. 
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For  tile  case  sliown  In  Fig.  4,  y = 19.4  (I'i  dh)  , wi'nicli  shc.Js  that 
the  energy  content  of  tlie  spikey  noise  component  Is  nearly  a factor  I'l 
twenty  greater  than  the  energy  content  of  tlio  Gaussian  component. 


Stated  differently,  for  higli-level  Saipan  noise,  about  95  percent  of 


tlu;  total  lU’lS  t'lu’rcy  Is  dvio  t<’  latf.i'  poises  t rem  reail'v  t Imn  I'r  ;f  orms . 
Also  note  from  l lie  shape  I'f  rlie  Al’I)  in  lip,.  A that  these  noise  spikes 
are  present  only  a small  fraction  of  the  time.  Thus,  a nonlinrar  'leviee 
tliat  removes  intense  spiles  ccmli!  M'ppress  most  of  the  noise  shile  onlv 
sliphtly  lieprulinp  any  sip.nal  that  nipht  ho  present.  for  ex.ir.ple,  a 
properly  adjusted  clipper  could  tenove  tiie  niajotity  of  tlie  noise  wlille 
remaininp  in  i lie  lincai  repine  nmcli  ol  tlie  time,  lor  tliese  teasor.s, 
nonlinear  KI.K  noise-prcce;-  inp  schenu'S  invoJvlnp.  clippers,  lir  iters, 
and  hole  punchers  have  lieen  develc'ped  as  part  of  tlie  SAh'dlTd  rooprar. 
(tX''inr,  iK>!  t I'.o,  The  effectiveness  of  the  nonlinear  prcu-es- 

sinp  was  relatively  insensitive  to  the  details  of  the  type  of  nini- 
linearlty  employed.  Here,  we  only  examine  clipper  per  I I'lriance , 

To  assess  tlie  effectiveness  of  clippinp  in  a variety  of  noise 
environments,  it  is  necessary  to  derive  an  expression  lor  the  proci'ssinp 
pain  in  terms  of  the  clip  level,  ? , and  the  ratio,  v“,  of  tlu  non- 
Caussian  to  Gaussian  noise.  iltrictly  speakinp,  the  tffectlvc  atmosplieric 
noise  (i.c-.,  tiie  post-pt  ocess  i ng  RMS  noise)  depends  somi.'wliat  on  sipnal 
strengtli  as  well  as  on  noise  rliaracterlst  i cs . Tlie  derivatii'ii  iriven 
below  neglects  this  dependence  on  sipnal  strength,  and  the  rrsultinp 
"processing  pain"  Is  in  fact  more  accurately  described  /is  ,i  n<>isc- 
suppression  factor.  This  tartor  closely  approximates  the  processing, 
gain  when  tlie  ratio  of  sipnal  to  total  IGMS  noise  is  snail. 

To  estimate  tlie  processing  gain,  PG , wc  use  tlie  icil  lowing  iieuristlc 
expression  Lliat  accounts  for  the  fact  tliat  no  advantage  Is  gained  by 
clipping  tlie  noise  to  below  the  Gaussian  background  level;  l.e.,  tlie 
maximum  gain  is  aclileved  once  the  noise  pulses  from  nearby  thunderstorms 


are  suppressed: 
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(24) 
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where  is  tl'‘  I’.ayleiph  'Mst  r iluit  ion  (Kq.  (1"))  and  I (z  ) is  Lie 
clippiiif’  lunction,  p.ive.n  '-v 


K ( z ) = 1 
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z r^z 


- 7.  / 7. 


Z >Z 


The  ruinerator  of  |',q . (2i)  is  slniplv  the  sum,  o"',  of  tlie  RMS  values  of 
the  Gaussian  .ind  non-Gauss  ian  noise  (oriponcnts.  The  first  term  in  tlie 
denominator  is  RMS  f'.aussian  noise,  whereas  tlie  second  term  is  RMS  non- 
Gaussian  noise  after  suppression  by  the  clipper.  As  the  clip  level, 
z^,  apprnaclies  infinity,  the  second  term  in  tlie  denom  i n.itor  becomes 
R“I’(1  + — ) and  I’G  + 1,  indicating  no  processing  gain.  Tor  very  small 
clip  levels,  this  term  t.nds  towanl  zero  and 


PG 


./-+R“!  (1  t -) 

= 1 + Y- 


(25) 


whlcii  stiows  th.at,  if  all  tlie  close-in  noise  spikes  are  removed,  tlie 

noise  is  suppressed  by  a factor  1+',  ; i.e.,  by  the  rntii'  of  total  noise 

to  Gaussian  noise.  Of  course,  Kqs.  (24)  and  (25)  are  not  riporously 
correct,  since  a clip  level  of  zero  would  actually  suppress  the 

noise  and  signal.  However,  these  equations  are  an  accurate  representa- 
tion when  the  clip  level  is  set  below  the  level  of  most  of  the  strong 

noise  spikes,  but  at  or  somewhat  above  the  level  of  the  RMS  Gaussian 


noise  from  distant  sources. 


By  instrtinf;  Kq.  (16)  into  llq . (J'l),  the  intn>ral  nay  be  evaluatoci 
in  closed  forn  to  obtain 


o“’  + R"'’r(l  + 
o o 


o‘-  + R'ri  1 + 
o o ^ 


- ) R r.l  ( z /R  ) ' 1 1 + —I  + 7 ^ exp  [-(? 
a c o ' aj  (■ 
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where  r(y  ]v)  is  the  chi-sqnare  probability  function  r r,  nid 

StejuK,  . It  is  convenient  to  normalize  the  clipping  level  to 

2 

RMS  units  and  to  express  RG  in  terns  of  y . Thus,  iisinp 


■,  - 7^  to  , 

c c ’ 


it  follows  that 


PG 
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III.  Ni'Mi.K rcAi,  Ki.si’i.is  AM)  D I lAiuSS I o;; 


icKFiAns  oj ■ '!  iAi.oi,:;  rui ,:;j'  sru iadi 

To  il  lust  tale  the  effects  el  I'uc  1 ear/I’tlA  eiiv  i rorinetil  s on  the 
li  i spers  u>n  of  noise  pulses,  1 <| . (12')  ims  been  used  to  calculate  pulse 

wavetorns  for  the  assumeil  anbient  environment  (P  = 0)  .ind  the  ru'st 

“8 

intense  of  the  .issunied  nuclear  environnonts  (I  = 10  ).  Our  main 

interest  is  in  tlie  anomalous  ;;preadim>  caused  by  the  ionospheric  dis- 
turbance; i.e.,  we  are  more  concerned  with  the  time  depi-niience  of  th<; 
pulse  than  witii  its  magnitude.  Thus,  we  pive  results  for  the  normalized 


field,  K(r,t').  piven  bv  (see  (’2)) 


r.(r,x)  = 


, n ^ fci  ' 

- slnl—  Arctanl  ~ 


A)/4 


which  fully  describes  tlie  pirlse  waveform.  For  convenience  in  makinp 

comparisons,  the  results  are  plotted  so  that  F has  a peal<  value  of 

unity  for  anbient  conditions,  r = 1 'Tn,  and  B = 0 (i.e.,  f = see 

o 

Kq . (14)).  Differences  in  excitation  between  ambient  and  disturbed 
conditions  are  therefore  nefjlected.  Tliese  differences  affect  relative 
peak  amplitudrs  somewhat,  but  do  not  affect  relative  tine  spreading, 
which  results  solely  fri'm  propaRation. 

From  Fq.  (28)  It  l.s  seen  tliat  , In  terms  of  the  retaided  time,  t. 


pulse  sliape  is  determined  entirely  by  , and--maklnR  the  stibstitu- 
tlon  indicated  by  Kq . (14)--by  tire  receiver  cutoff  frequency,  f^.  The 
values  of  and  that  best  fit  the  numerical  results  shown  in  Flp.s. 

2 and  3 are  .S^  - 19.1  and  " 0.09  for  ambient  conditions  (1  *=  0), 


. p 

and  = Ad.?  .111(1  = ('.J  lor  1'  ^ p:  . At  ill',  the  • t c i m’ 

bandwidth  niist  bo  mich  vidor  than  Mu'  infernal  ion  baiui'vi-it  ii  lo.*  ttio 
noise  pulse  be  sneared  'i.ii'lv  tiiat  it  serlou  ly  dipr.ides  tl.e  process  i np, 
pain  acliievabli'  by  clippinc..  I'c'r  an  I'll'  tiysLim  havinp  a (-.■ntcr  f re'piency 
tliat  lies  bef.'«’en  30  and  100  lir,  it  it 's  l>een  sliown  ( i’ 

tliat  upper  cutoff  f requeue  i <'s  at  Ic.-ist  as  Larpe  as  1 ''O  to  200  Hr;  should 

be  used.  Accordlnply,  '..e  pive  results  for  f ” "■  and  f = 100  Hn . 

o o 

Fipuros  3 and  0 sho’..'  1'  versus  tine  for  .anl'ient  .'iini  disturbed 

environments,  f = and  dislinces  from  the  source  of  1 and  1 ''n. 
o 

In  the  context  of  tliis  repoi  I , distances  preater  tlian  1 .'Im  .are  rn.o  of 
interest  since  1 iphtninp  at  these  larpe  distances  tends  to  contribute 
to  the  tiaussian  rather  tlian  the  Kayleiph  (spikoy)  noise  component,  and 
would  thus  not  be  subjected  to  sipnif leant  clipplnp. 

in  conparinp  the  various  case.s,  recall  th.it  all  results  shown  .ire 
normalized  so  tliat  tiie  (>ulse  labeled  ''ambient"  on  Kip.  3 lias  .i  peak 
amplitude  of  unity.  Cif  course,  it  is  difficult  to  uuicpiely  define  a 
pulse  length,  since  this  length  depends  upon  certain  arbiliarv  defini- 
tions of  a pulse's  "hep  i nn  i tip''  and  "end."  However,  if  tuie  defines 
pulse  lengtii  as  the  time  diirinp  whicli  tlie  aiiiplitufle  exi'eeds  some 
reasonable  tliresliold  — s.iy,  10  percent  or  so  of  the  peal^  value  — then 
for  ambient  conditions  tiie  calculite<l  duration,  , is  about  1 msec 
for  r * 1 Mm  and  b msec  for  r = 3 Mn . These  values  aprei'  r«'asonahly 
well  with  the  3-  to  8-mscc  pulse  widths  measured  for  a v.iriety  of 
conditions  and  reported  by  Hodcstino  (1971).  Moreover,  aside  from  an 
unimportant  difference  in  sign,  the  waveforms  calculated  here  closely 
agree  with  those  computed  from  a much  more  detailed  numerical  treat- 
ment and  reported  by  Jones  (1970). 


V tsr.*-*-- 


U'e  ru'Xl  ■('mp.iif  ( lu-  pulsi’  vi.ltii',  ' ii  tli*'  | rt;i  l-d<'br  i s/I’' A fiiviti-n- 
ment.  with  those  for  amhiont  conditions.  Ap.iin,  the  tfsiilts  of  the 
comparison  de)  end  s'oni'vha'  on  the  criterion  ti'-.e.]  lor  definim’  the 
presence  or  ah‘.tMU'e  ('f  a noise  pul‘'i  , For  ton.  1 1 e 1 y , conclusions  on 
system  perforiiance  ilo  not  dep<’ni  on  the  details  of  the  criteria  used. 

It  is  immediately  e'’i''ent  from  l ies.  5 and  6 tliat  the  main  effect 
of  the  disturbed  environment  it;  tfi  suppress  the  peak  of  the  pulse, 
whereas  the  tails  are  ne.irlv  unchanp.ed  from  tin  ir  anihieiit  chitac'eris 
tics.  This  heiiavior  is  to  he  expected  since  tlae  main  eflert  i f 'lie 
disturbed  environneiit  is  te  iucre.iso  1 1 ciiua  t ten  tat*  by  .i  f ii  tor 
that  is  nearly  independent  of  fre<|uoticy.  Since  hiRli  FI  1-  trepieucies 
are  most  heavily  attennaled  under  amlient  conditions,  the  absolute 
increase  in  attenuation  caused  by  the  disturbance  is  nucli  larytei  at 
high  frequencies  (short  times')  tiian  at  low  frequencii's  flonr,  times). 

The  net  result  is  that  the  short-duration  peak  is  stionyly  suppressed 
relative  to  a'’iluent  , whereas  tite  long-duration  pulse  tail  is  not  greatly 
al tcred . 

If  a fixed,  low  threshold  is  used  to  define  the  presence  or  absence 

*“8 

of  a noise  pulse,  then  the  pulse  widtiis  for  ! = 10  are  not  very 
different  from  those  for  ambient  conditions.  This  behavior  occurs 
because  for  a fixed,  low  thresliold,  rlie  pulse  length  Is  defined  by 
the  tails,  whlcli  are  not  strongly  affected  by  changes  in  t lie  env  1 ronment  . 
(See  Figs.  5 and  6.)  However,  if  the  thresliold  is  defined  in  terns  of 
peak  value,  then  significant  spreading  can  be  attributed  to  tlic  disturbed 
environment.  This  spreading  occurs  mainly  because  the  peak--and  hence 
the  threshold — decreases,  whereas  the  tails  remain  unaltered,  thereby 


'i  o 


remaining  above  tlu  lowercii  t lirt  siiolil  (or  a Joi’i-er  Lino.  If  tlii.s  type 

of  threshold  is  ustd,  the  '.,otor  hv  the  puls;e  is  lengthened  in 

the  uuclear;I’<A  env  1 rop'- oti  t is  it)np,lilv  the  sane  a.s  tlio  t .if  t or  bv  wbicli 

/ 

the  pe.ik  amplitude  is  loinrod.  Tor  the  cases  '.hovn  in  i'ip.s.  S and  b, 

t 

-f> 

the  pulse  dur.it  ion  for  i " !!'  is  tiiree  to  fi'pr  times  ,is  lonp,  as  for 

r = 0 (ambient)  accordiiut  to  this  interpretation. 

/ 

Pulse  spreadinp  is  of  concern  ip  nonlliyc.nr  no  ise-p  rocoss  I np  schemes 

/ 

such  as  clipping  because  the  fraction  of  t t4u’  tliat  tl'e  clipper  is  opera- 
tive is  approximately  i . wiiore  t is  t^ie  mean  tine  between  pulses. 

O 1 i ^ 

Since  clippinit  "pnnclies  Imles''  in  tin-  sijjnal  during  noise  pnhu-.s,  the 

t 

ratio  T /tj  also  approximates  tlie  fraction  of  the  signal  energy  lost 

9 

as  a consequence  of  processing  {Mnrjrr.ihio , 107').  If  tliis  ratio  is 

/ 

small,  the  amount  of  signal  lost  is  n/ich  smaller  than  tlie  .innui't  of 
noise  energy  suppressed,  and  the  I'cnyt-process  ing  SNR  will  lie  improved. 

9 

However,  if  r /t^  becomes  nearly  uij'ity,  then  so  much  sit'nal  can  be 
clipped  that  much  of  tlie  benefit  itf  nonlinear  noise  prncessltig  is  lost. 

t 

t 

For  ambient  conditions,  is  typically  about  0.1  sec,  and  ' ranges 

between  0.03  and  0.08  sec  depending  on  conditions,  location,  definitions, 
etc.  (.'lodnii  t i>’o , 1071).  As  discussed  in  Sec.  IV,  there  is  no  firm 
reason  to  expect  ij  to  change  much  in  nuclear  environments,  except  for 
a very  brief  period  after  each  burst.  Thus,  the  Incre.ise  in  • t Is 
due  solely  to  pulse  spreading,  wliich  should  be  no  worse  thin  a factor 
of  3 or  4 greater  than  ambient.  Taking  tiie  worst  case,  t / 1 should 
not  exceed  about  0.3  (4x0.08)  under  disturbed  conditions,  and  tlie 
re.sulting  signal  loss  from  anomalous  spreading  would  be  less  than 
1.5  dB. 


Klguit’s  / and  8 ai*'  ana  1 o>’,('iis  t<>  I'’ i gs . 'i  and  8,  and  ‘du)''  results 

for  f = TOO  !!.’  ratlu'r  than  t = Again,  aid  result  are  ni'rnnlized 

o 

to  tile  waveforn  laheled  "aml'ient"  on  TiR.  5.  lor  tills  lealistir  receiver 

bandwidtii,  tlic  i-l  fects  ol  tiu>  nuc  1 ear / i't'A  eiivirnmnent  on  pulse  waveferri 

are  mucli  less  pronounce!  '!■  in  for  I ” Tor  exainpl*',  at  r - 1 Mr, 

o 

tlic  pulse  lieigtit  for  1 - 10  is  seen  (Fig.  7)  to  be  rediice!l  liy  only 

a factor  of  1’  from  its  value  under  amiMcnt  conditions,  as  coinpared 

witli  more  than  a factor  of  1 reduction  for  f ""  (Fig.  'i).  ihe-se 

o 

results  streng.tlien  our  ctuiclusion  tliat,  althougli  noise  pulses  can 
undergo  large  anomalous  spreading  in  nuclcar/Pt'A  environments,  tlie 
ratio  does  not  become  large  enough  to  significantly  degrade  system 

per  f orniance . 

FKUCFSSIh'C  GAi:;  i::  l)tSTl.'Rrd'.U  KNVlKUldll'.h'TS 

Figure  4 illustrate'!  how  well  tlie  two-parameter  representation 
(Eq.  (23))  of  the  AIM)  for  F.l.F  noi.se  fitted  high-level  Saipan  noise 
data.  We  next  show  AFDs  lor  locations  other  tlian  Saipan  aivi  for  dis- 
turbed conditions,  and  give  results  showing  tlie  effect  of  clianges  in 
environment / locat ion  on  desired  clip  level. 

First,  consider  the  effect  of  a spread-dehr  i s nuclear  (or  a I'CA'i 
environment  on  the  AIM).  As  discussed  in  Sec.  II,  the  noise  (and  signal) 
excitation  factor  would  probahly  Increase  by  up  to  a lew  decibels  due 
to  the  lowering  of  tonosplier  i c reflection  heights.  In  addition,  tlie 
attenuation  of  F.LF  waves  propagating  in  the  ear tti-iono.spliere  waveguide 
can  increase  by  as  much  as  1 or  2 dR/megameter  (depending  on  frequency) 
over  the  attenuation  experienced  under  ambient  conditions.  Since  the 
Gaussian  component  of  the  noise  propagates  over  greater  distances  than 


n- 


T (mi  1 1 i seconds ) 


Mq.  R--r,fl1r,iil,ited  FIT  olcctric-fieid  waveform  for  ininulse 
source:  Case  D • — 


the  Kayleif’h  (spikey)  ci'riponoMt,  the  n<  t ollc'  t of  n ■■.pr<  a<!- li i hi' i.s 
environment  is  to  reduce  tlie  relative  importance  of  the  C.ausR  i an  com- 
ponent; i.e.,  the  spread-<ie*-ii  i s enviTomient  causes  y t ()  increase  over 
its  ambient  value. 

Of  coursf',  tiie  spread-debris  r’odel  is  hiphly  ideal  iited.  for  more 
complex  environments  that  exlitbit  pronounced  lateral  i nhonopene i t i c s , 
the  net  effect  on  the  Al’lt  Is  a stronp,  function  of  tlie  relative  locations 
of  the  d i sturliance , nearby  thunderstorm  activity,  distant  1 1 en'h-»  si  on-i 
activity,  and  the  receiver.  For  ex.imple,  a di.sturbance  local  i;’ed  over 
lightning  activity  far  from  t die  receiver  could  cause  a sliglit  -hi  •>>.>, 
in  the  relative  importance  of  tlie  I'.ausslan  component,  as  could  a dis- 
turbance localized  between  nearby  activity  and  the  receiver.  Moreover, 
the  change  In  SN'R  caused  by  environmental  changes  depends  cui  tlie  loca- 
tion of  the  tr.ansnitter  fn  addition  to  the  parameters  given  above. 
However,  the  spread-debris  model  illustrates  the  type  of  changes  to 
be  expected  in  tlie  AI’l)  and  optimum  (lip  levels.  A processing  scheme 
designed  to  perform  well  for  a variety  of  spread-debris  environments 
sliould  perform  well  in  other  environments  that,  although  more  complex 
to  analyze,  would  not  distort  the  AF!)  any  more  severely. 

Figure  9 shows  tlie  manner  In  wliich  tlie  high-level  Saipan  AI’l)  can 
be  altered  by  widespread  ionospheric  disturbances.  Tn  additimi  to  tin' 
ambient  Al’il,  whlcli  corresponds  to  -j  k.U  (13  dR)  , results  for  two 
disturbed  cases  are  shown.  One  of  these  cases  corresponds  to  a 
"moderate"  change  in  Al’D  re.siiltlng  from  the  Oausslan  component  being 
decreased  5.5  dB  relative  to  the  R.ayleigh  component;  i.e.,  y increa.ses 
from  its  ambient  value  of  4.4  (13  dB)  to  8.4  (18.5  dP) . This  level 


of  change  is  'jiilte  rcasonablo  ar.d,  fcr  example,  cerrespoiids  to  a 
1 . l-dB/megamet.  or  increase  in  attemialion  rate  ('averaptv!  over  tlie 
receiver  band'-.Mdt.h ) in  a situation  wliere  the  sources  of  (iaussian 
noise  are  5 Mii  fartiier  I rcim  t lie  receiver  tlian  are  the  sources  of  Rayleip.h 
noise.  The  otiicr  case  sliovai  is  extreme,  and  corresponds  to  the  'laussian 
component  beir.f;  decreased  12  dH  (7  increases  from  4.4  to  17.5)  relative 
to  the  spikey  component.  Tliis  level  of  change  might  correspond,  for 
example,  to  a 2-dB/negameti-r  increase  in  attenuation  rate  and  a b-tim 
difference  in  propagation  patli  lengtii. 

It  is  important  to  note  tliat,  although  the  fj/. /.  of  flaussian 
to  non-C'.auss  inn  noise  can  diminish  markedly-- 5 dB  and  12  dF.  for  the 
cases  considered  here — tlie  change  in  tctal  R.'!S  noise  can  be  quite  snail. 
This,  behavior  occurs  because  total  Rl'.F  noise  is  dominateil  bv  impulses 
from  nearby  lightning  flashes  that,  due  to  the  re  I ,u  i 1 v vri'p'- 

gation  path,  do  not  suffer  large  loss  of  energy  in  disturbed  environ- 
ments. The  m.ain  effect  is  usually  a reduction  in  tlie  t'aussian  noise, 

wliicb  does  not  greatly  affect  total  UMS  noise;  i.e.,  sicnil icant 

2 2 2 2 

reductions  in  do  not  greatly  al  f ect  the  sum  R P ( L f --)  4 . It 

o o > o 

O 

follows  that  clip  levels  siiould  be  based  on  tlie  ratio,  , of  (laussian 
to  non-Gausslan  noise  rather  tlian  on  total  RMS  noise. 

Figure  If'  shows  proce’ssing  gain  (F.q.  (27))  .as  a function  of  clip 
level  (in  K’'S  units)  for  liigh-level  Saipan  noise.  For  ex.imple,  tor 
ambient  conditions,  setting  tlie  clip  level  20  dB  above  RfIS  provides  ,i 
proressinc  vain  of  4 dF,  wtion-as  .1  settinr  of  -IF  dF  Hvi's  the  mayimtim 
aclilcvable  gain  of  13  dF.  For  this  case,  lower  settings  are  not 
desirable.  No  additional  processing  gain  can  be  acliieved  since  tlie 


spikey  coraponont  is  oiilv  I’i  dH  ;ibc.'Vi  the  (kins,  i iii  < oi\pon<'tit  . .md  lower 
settings  would  dep,rnde  any  signal  that  miRiil  he  prestnt.  I'or  the  dis- 
turbed case,  lip.  10  shows  that  settinj’,  the  clip  level  at  -15  to  -20  dll 

a 

Rives  the  maxi'’iun  pain  nt  "I  '.ec  M ' ( ' . 'i  / 1 - ' ' . an. 

To  assess  the  expectisl  pcrloimance  of  I'M’  noise  piocessiirs,  Fip,>:. 

9 and  10  must  be  used  topetiier.  An  experimental  11 F noise  clipper, 
developed  as  p.irt  of  the  SAN'Cl'INF  system,  cont  inucusl  v adapts  so  that 
clippinp  occurs  some  specified  fraction  of  the  tirre  v,- •')  , . f 

'2c.,  The  precise  vaine  of  this  fractit>n  is  not  criticai,  but 

40  to  60  percent  proved  successful  for  ambient  noise.  For  an-bient  con- 
ditions, Fip.  shows  tliat  clippinp,  occurs  40  percent  of  the  time,  if 
the  clip  level  is  set  at  -13  dB  and  60  percent  of  the  tine  if  the  l«-vel 
is  set  at  -17  dB.  From  Fip.  10,  it  is  seen  that  either  settlnp  pives 
essentially  the  maximum  achievable  (13  dB)  proi'essinp  pain.  Mi'reovei  , 
a clip  level  as  hiph  as  -10  dB,  which  corresponds  to  clippinp  2^  percent 
of  the  time  for  ambient  hiph-Ievel  b-iipan  noise  (Fip,.  9),  also  pives 
about  13  dB  of  processinp  pain.  Thus,  within  reasonable  bounds,  the 
predicted  processinp  pain  is  not  a sensitive  function  of  clip  level. 

For  the  mderately  distorted  i-  I'o-  nlu'wn  in  lie..  9 f , - “ . t 'i  , 
clippinp  occui s 20  and  60  percent  of  the  time  if  the  clip  level  is 
set  at  -15  and  -23  dB,  respectively.  Figure  10  shows  tiiat,  in  eitlier 
case,  the  r.iaxinium  processinp  pain  of  18.5  ilB  is  approached.  Tlte.se 
results  suppest  a rule  of  thumb  that  is  perhaps  evident  on  intuitive 
grounds.  .Specifically,  if  the  clip  level  is  set  so  that  clipping 
occurs  a fraction  of  the  time  corresponding  to  the  Gaussian  region 
of  an  APD  graph,  nearly  optimum  noise  suppression  results.  More 


simply,  for  tlio  typo  of  Al’f'  plot  shown  on  Fig.  “I,  the  clip  level  should 
be  set  a few  drclbcls  below  the  knee  in  the  curve. 

Al’Ds  and  cor  respond  I sig  proresslnp  Rains  ' ersits  i 1 i i'  levels  sre 
shown  for  moderate-level  Malta  noise  and  Norway  noise  in  Fips.  11 
through  lA.  These  results  reinforce  the  main  ronclusions  drawn  above: 
(1)  Pacific-Sierra's  model  agrees  well  with  measured  APDs,  and  (2) 

(2  sinjle  i'lipfij'ij  j'}‘ ‘ 1-,^  •'Q-  ',9  P0-p~i‘  ‘to:*-  aiv^n  'jheut 

the  optir~.cr  pv  'erraiti.j  pi:>:  ;r  loth  KU'lrov  av  : orrf  ietf  e>- e,  iri.i.;/ n . 
The  design  of  the  experimental  SAN’CU'TNF  clipper  thus  appears  well 
suited  to  a wide  range  of  environmental  conditions. 


- ? 

IV.  I.ICIIIMINC  AC’I  IVI  IV  ; • '-M;  n_i;v;-iO  ■;  rt)>;|)n  ic;:;, 

I’tevious  sections  ii  ive  hr-m  roec  >’ rood  primarilv  eith  tlie  effects 
ol  anom.iloiis  prop.'ti’nt  Ion  cni  M.K  noise  t a t i s • i cs  ind  in'lsc.  pulse  diira- 
tions.  lloweviM,  (ifher  meclian  i ey.irt  that  could  < os  '-.ourres  of 

atmospheric  lofse  in  nnr'eir  eco.c  t ronmcnit  s . The  most  ido-ioiis  mechanism 
is  the  e I c'c  t roniappu' t i c piils(>  fl-'fip),  which  is  1 i ^li  tn  i ni;- 1 i I'c  . 'Vireover, 
lip.htninjo  tlaslies  have  heen  inchicecl  hv  ;>roun''-- 1 evel  niu;lc>ar  hursts, 
including,  a therincniuc  tear  'h-.  i f>oat  ion  ai  I'niwi'tok  Afoll  (I  ”■■•>1,  ■ / t:/.  , 
IJ'/!').  These  induced  Maslic-'-,  were  distinct  from  the  Pf!',  uid  '.ere 
api'arently  caused  liy  idfitpe  ,ui''  electric  fields  e.eneratcd  tiv  tempt  on 
electrons  produced  by  pamma  radiation  from  ttie  detonation.  Ihe  time 
duration  of  the  oliservcd  flasl'cs  was  less  tlian  lOt)  msec.  Ihus,  for  a 
snuill  traction  of  n second  atfc'r  a nncle.ar  burst,  an  IMP  po'csi!  Iv 
followed  by  induced  liplfininp.  will  iru  rease  tli'f  .itmospbei  ic  noisi''.  How- 
ever, such  a short-lived  Inc.tease  iti  noise  .siiould  not  seriously  deprado 
El.I'  corimun  i ca  t ion  system  performance. 

fn  jirincipli.',  snrlace  lieatlnc,  ' rom  widespread  fitos  .started  as  a 
result  ol  a nuclear  con'  Met  could  produce  thuridcrstorn  M.ditninp  I'v 
t r i pper  i up  convective  instability.  It  sncli  a ptic'iiomenon  indc'd  orcutied, 
an  increase  in  KM'  atmospheric  noise  persi  st  inc,  for  hours  co'ilH  tcsnl*. 
Accordinply,  as  i>art  of  the  study  reported  herein,  a sria  1 I amount  of 
effort  was  expended  to  deternlne  whether  anv  evidence  e';i<;teH  that 
larpe-scale  fires  could  induce  llplitninp  activity.  because  an  analytic 
treatment  would  be  intractable,  the  .approach  taken  was  to  contact 
authorities  and  survey  literature  on  forest  fires.  As  mipht  he  expected, 
the  results  of  the  survey  were  soraewliat  inconclusive  due  to  a lack  of 


liaiti 


4 <. 

“I'st  ol  t lit'  I'i’i’i'!''  ci”r  '■  ' "i!  f<  I'  lh«'  .iv.'i  i 1 .’I' 1 <■  'l.'it;!  In 

no  wav  inilicat'‘i|  tliat  lai)’.'’  'iron  iii'In'cnl  1 i n i ns',.  !hi«  r‘’‘ni' 1 ns  I nii 
was  basi'il  oti  (hi-  ol’ser'.al  inn  of  no'  n t cns  fin  ; with  r.(’  a 'isor  i a f rni 

.J. 

1 i >;lu  n i ti  j'. . I'l  ('c>nrs(',  f In’sn  m'  ions  rnnld  h,.  nisloaillna  hfr-a'isn 

torost  t ires',  "snallv  nccns  ’ n hot  fir\  weati'oi  not  conrht'ino  to  lij-hlnlni' 
aetivity.  If  one  iustain. — liie  relir.m  Fire  in  the  III  PoraHo  'hitienal 
Forest--tlir('{’  and  ('iio-half  hmii's  t'f  t hnnderst  orms  ensned.  Then’  is  no 
wray  to  ascertain  wlietliei  these  morns  would  have  orcnrreit  in  t!ie  ahsenee 
of  the  fire. 

The  most  sletailc’d  'Msenssrinn  ef  meteorol  oc  i cal  cendi'iots  before, 
dnriny,  and  a'ter  a laty.e  fire  is  presented  Iv  Bond,  r-f  <7/.  in 

reporting,  on  the  hnr.e  htn'dilires  in  sontlieast  et  n 'I'asnan  1 .1  c'e  7 Febru.iTV 
l'^f>7.  It  was  eonclufieri  that  tremc  iarve  convective  cIom's  siere  tTiryere'' 
by  the  fires  ,ind  tliaf,  I’efere  tire  tires,  t'le  air  mass  evhihin.'  ta’nsideta 
in.s  t ab  i i i t y . Thus,  there  exists  tetiunns  evidence  that  wi  ('^'spread  fires 
could  stimulate  thunderstorm  activitv  provided  that  nre-ex  I st  inj’.  cott- 
ditions  are  suitable. 

(’ll  the  basis  of  tin-  above  information,  it  is  out  nr '>1  jmi  ua  r”  cou- 
clusion  that  t Ininderston"  activitv  will  not  iin  rease  s 1 pni  f ( c an  t 1 v-- 
sav,  an  order  of  n;i);nitu((o — in  the  i'ost-dctnnal  i on  env  i ronru-nt  . 

Obviously,  a pre.it  deal  of  uncertainty  is  associ.-ited  vitli  fliis  conclusion 


For  extaniple,  one  member  of  the  L'.S.  Forest  Si’rvlce,  nortliern  Forest 
Fire  laboratory,  stated  tliat  in  20  years  of  obsorvlnp.  forest  fires,  some 
of  them  enormous,  he  h.ad  not  once  detected  liuhtnlnR, 


v_.  _ ( ni:ci 

Analytic  express  ionR  tiiat  'iescribe  I’l.F  nn  i sc-pn  1 ‘-■f>  ’•aveforr’s  arjd 
noise  AI'Ds  iiaee  t>(>en  <]c’i’’''»!.  In  hot  li  case.':  pood  apreoriont  Is  obt  ained 
witli  availahlo  exper  iment  .i  1 dat.i  .and  "itli  resnlts  f reni  ii'.ncli  iimi  c rom- 
plicated  numeric.il  t ri'at  ri"iit  . i'o  roi  ...or , the'U'  expression-;,  vhirii  depon-i 
explicitly  on  re.idily  calcul  iteii  p.i  rani'ters , sncli  a.-  at  t enu.'t  lop  rate  in 
the  eartli-ionosphere  wavepuMe,  .are  |iarticularl  v convenient  for  predictinp, 
chaiiKOs  In  noise  ctia  rac  t e ' i 'M  i r s r.-mso.i  by  nni'eai/l'iA  onv  i i ('nnoiit  s . 

It  V .is  ftniiiii  tliat  , depeiilinp  (mi  certain  definitions,  no  ? -lo -|inl  so 
dnr.itions  could  increaso  fy  as  min.h  as  ,a  factor  of  tlireo  or  four  In 
nuclcar/l’CA  ctr/i  ronment . 'tost  of  fbis  anomalous  (lulse  '.preaii  inr,  is 
caused  by  Inci  eased  attenuation,  v.'iil.li  select  ivelv  n'l'icvt's  liip.iiost- 
frequency  Fourier  components  from  tiic  1 LF  nol  se-pu  1 s<' . 'nio  m.ixinnm  loss 
in  processing  pain  caused  by  anomalmis  pulse  snreadlnp.  v.is  fonr'-i  to  he 
no  preater  than  1 or  2 db.  r->n(rari>:j  of  noinc  pulnor.  {Ur,*uv’or'l  onvivoo,- 
nents  there fovo  dorr,  vc^  pf>r,r  n rjojor  vrohlrn  !o  >-f  ,ip  rupppor- 

nion  in  h'LF  oorir’unioatio':  nnn/rmr. 

A m.ajor  effect  of  the  ionosplierlc  dist  urtninces  consideted  v.is  .a  ‘.io 
nlf leant  incre.asc  in  tlie  ratio  t'f  ttie  enerpy  carried  in  noise  sniki's  to 
the  cnerpy  tif  the  hackpround  Fanssian  noise  component  . 'f h i s cli.anpo  in 
ratio,  u’liich  altered  tlio  AFD  eons  1 der.ably , occirred  t'oc.-mse  tiauss1;in  noise 
tends  to  be  snpiire.sscd  relative  t<'  noise  spikes  bv  the  Incteast'd  at  I enuat  Ion 
typically  associ.ated  with  nncl  t'.ar /Ft  A «>nvi  ronments  . However,  total  FMS 
noise,  to  whicli  noise  spikes  make  tbe  ma^or  contribution,  miplit  well 
chanpe  only  sliphtly.  (ionseqncnt ly , to  achieve  maximum  proccsslnp  pain, 


clip  levels  st'.mild  he  <;el  .neoi  <1  I iv.\  to  the  lai  in  ol  :n' f se-s  (il  h e enerpy 
to  (lauss i an-h  tckprotind  enerpv. 

Because  this  ratio  inn  rhnnt’e  d t nst  ion  11 v , an  adaptive  procedure  Is 
called  for.  'nl I'niatt'o’:'  rh'"'  'ha!  (--x]  >’v' ■■’rn' 'll  '■/!.V''.T/'.7r 

auj^vretinicn  c’y\riit  thni  :\--l  h-y  '.o  '’•Hr'  rntvr  r.r<  f'r  ^ fv'ict.ixiy^-^- 
tupi cell  ly  [jO  /()  f'CPr'Cf’ ' — c f the  tir.e  yiver  'wov^u  cc  tir-ix'.  yvccccniy^i 
gain  for  a n'idc  oaricty  of  a’^l  -rr.i  n'i~  yv.inlrav.'}>f\^  o’i'T't’i.ni-jonf  . 
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